Introduction
============

Intrafractional motion is an issue that is becoming increasingly important in the era of image-guided radiotherapy (IGRT). Intrafractional motion can be caused by the respiratory induced organ motion especially radiation therapy for lung cancer \[[@b1-roj-2017-00444]\]. There are several methods to reduce the effect of respiratory motion in radiotherapy \[[@b2-roj-2017-00444]-[@b9-roj-2017-00444]\]. Most of these approaches, including four-dimensional (4D) imaging, 4D target delineation, increased planning margins, voluntary breath-hold and shallow breathing, abdominal compression, respiratory gating, and real-time tumor tracking have been used clinically in a variety of forms \[[@b2-roj-2017-00444]-[@b9-roj-2017-00444]\].

A promising solution for obtaining high quality computed tomography (CT) data in the presence of respiratory motion is 4D-CT \[[@b1-roj-2017-00444]\]. Various 4D-CT based technologies have been proposed \[[@b5-roj-2017-00444]-[@b8-roj-2017-00444]\], and the maximum intensity projection (MIP) based internal target volume (ITV) technology is widely used due to the simple and rapid configuration of ITV based on a single 3D image. The MIP projection reflects the highest CT number encountered along the slice for each pixel of the volumetric data, displaying the brightest object along each slice at the maximum intensity during projection. Conversely, the minimum intensity projection (Min-IP) projection reflects the lowest CT number that occurs along the slice for each pixel in the volumetric data. MIP and Min-IP are standard volume rendering techniques used in diagnostic radiology \[[@b10-roj-2017-00444]-[@b15-roj-2017-00444]\].

The protocol for the gated radiation therapy of lung cancer patients in our department is that the phases selected from 4D-CT, as narrow as possible gating window such as 40%--60% phases are selected and reconstructed in MIP for minimizing the residual motion. In case of the patient's respiration is not stable, we select 30%--70% phases and set more margin for larger residual motion. For gated radiation therapy in our department, we obtain the setup images such as the fluorer images from On-Board Imager (OBI) at the end of exhalation of patient's breath. MIP reconstruction methods used for lung cancer and Min-IP used when the tumor to be treated was lower CT number than surrounding tissues such as liver cancers cases sometimes.

The aim of this study is to show the relationship between the reconstruction methods (MIP and Min-IP) and the target volumes, and also between the phase selections for reconstruction and the target volumes.

Materials and Methods
=====================

1. Patients selection
---------------------

The 4D-CT images of lung cancer were retrospectively studied in this study. In order to see the GTV dependency, the combination of three phase (40%--60%, 30%--70%, and 0%--90%) selections which most frequently used phase selections and two reconstruction methods (MIP and Min-IP) applied to each 4D-CT case ([Table 1](#t1-roj-2017-00444){ref-type="table"}).

Total 20 cases from lung cancer patients recently completed respiratory gated radiation therapy were selected. The cases could be roughly classified in four segments: right upper lobe (RUL), right lower lobe (RLL), left upper lobe (LUL), and left lower lobe (LLL) ([Table 2](#t2-roj-2017-00444){ref-type="table"}). These patients' 4D-CT images were sorted in MIP and already treated in 40%--60% duty cycle using Real-time Position Management (RPM; Varian Medical Systems Inc., Palo Alto, CA, USA) system.

2. 4D-CT technique
------------------

The 4D-CT images were obtained using LightSpeed RT (GE Healthcare, Waukesha, WI, USA) with RPM system. We placed the infrared marker for RPM systems on the patients' xiphoid and asked the patients breathe freely and regularly. The 4D-CT images with phase information were sorted and reconstructed by Advantage Workstation (GE Healthcare).

Phases were sorted as 40%--60%, 30%--70%, and 0%--90% (all phases) from 4D-CT images and reconstructed as MIP and Min-IP methods, respectively. The phase of 40%--60% is routinely used to minimize the residual motion in our department and the phase of 30%--70% is used when the patients' respirations are not stable. Six types of reconstructed images were acquired for each case in [Table 1](#t1-roj-2017-00444){ref-type="table"}.

3. GTV delineation and phase selection
--------------------------------------

As shown [Fig. 1](#f1-roj-2017-00444){ref-type="fig"}, the gross tumor volumes (GTV) were delineated on each slice of reconstructed CT image in the treatment planning system (Eclipse ver. 13.0, Varian Medical Systems Inc.) with lung window setting (a window width of 1500 HU, a window level of --700 HU) through all cases by the same radiation oncologists. In this study, GTVs were named as follows, GTV~0~ to GTV~90~ were contoured on every 10 phases in the 4D-CT. GTV~MIP40%--60%~, GTV~MIP30%--70%~, and GTV~MIP0%--90%~ were contoured on MIP reconstructed CT images by selecting phases 40%--60%, 30%--70%, and 0%--90%, respectively. GTV~Min-IP40%--60%~, GTV~Min-IP30%--70%~, and GTV~Min-IP0%--90%~ were contoured on Min-IP images in the same manner.

4. Data analysis
----------------

In order to see the trajectory of moving GTVs, GTVs' center of mass in right-left (RL), anteroposterior (AP), and craniocaudal (CC) direction were measured for 10 phases in treatment planning system. The motion ranges in 3D were measured for each case. The relationship between the motion ranges and the variation of GTV according to the reconstruction methods were analyzed.

Results
=======

1. GTV motion measurements
--------------------------

The motion ranges of the tumors in lung for 20 cases were measured 3-dimensionally in [Table 2](#t2-roj-2017-00444){ref-type="table"}. [Fig. 2](#f2-roj-2017-00444){ref-type="fig"} shows the motion ranges for each segment of lung as box-and-whisker plots. The margin of the box means 25% from average of Gaussian distribution. The horizontal bar in the center of the box means average and the upper and lower horizontal bars are for the maximum and the minimum motion ranges of the 20 cases. The maximum GTV motion range is about 2 cm. The motion ranges for 4 segments of lung (RUL, RLL, LUL, and LLL) were measured, respectively in the [Fig. 3](#f3-roj-2017-00444){ref-type="fig"}. The average motion ranges were 1.73 mm, 3.52 mm, and 6.39 mm for RL, AP, and CC directions. The results of the motion ranges dependency according to tumor location are shown in [Table 3](#t3-roj-2017-00444){ref-type="table"}. The tumor motion in RL direction was not shown in [Table 3](#t3-roj-2017-00444){ref-type="table"}, since RL motion ranges were not normally distributed. The motion ranges of GTVs are statistically significant only for the tumor motion in craniocaudal direction. The average tumor motion range of 10.30 mm in the lower lobe group (RLL and LLL) was statistically greater than the average of 3.82 mm in the upper lobe group (RUL and LUL). The average motion ranges were 3.30 mm, 11.54 mm, 4.34 mm, and 9.06 mm for RUL, RLL, LUL, and LLL, respectively ([Table 2](#t2-roj-2017-00444){ref-type="table"}).

2. GTV dependency on phase selection and reconstruction methods
---------------------------------------------------------------

[Fig. 3](#f3-roj-2017-00444){ref-type="fig"} shows example of the same case for lung cancer. The GTV varies according to the phase selections and sorting methods. The GTVs were varied according to the phase selections in [Table 2](#t2-roj-2017-00444){ref-type="table"}. The largest GTV was in case \#5 and the smallest GTV was in case \#16.

[Fig. 4](#f4-roj-2017-00444){ref-type="fig"} shows the discrepancy of the GTVs for 20 cases of lung cancer according to the phase selections and the reconstruction methods. [Fig. 4A](#f4-roj-2017-00444){ref-type="fig"} shows the GTV dependency on phase selections in MIP sorting. [Fig. 4B](#f4-roj-2017-00444){ref-type="fig"} shows the GTV variation on phase selections in Min-IP sorting. The discrepancies increased rapidly when the larger ranges of phases are selected.

Discussion and Conclusion
=========================

The target motions in the lung are dominant in craniocaudal direction. Davies et al. \[[@b16-roj-2017-00444]\] and Korin et al. \[[@b17-roj-2017-00444]\] found that upper abdominal organ motion in the anterior/posterior and right/left directions are less 2 mm displacement. The tumor motions in the lower lung were observed larger than upper lung as study of Brandner et al. \[[@b18-roj-2017-00444]\]. We had to compromise between the residual motion and the treatment time.

We set the duty cycle usually around 50% phase since normally 50% phase is at full exhalation which is relatively stable. The discrepancies between MIP and Min-IP increased rapidly as the wider ranges of duty cycles are selected. In case of the respiration regularity is poor to select 40%--60% dusty cycle, 30%--70% duty cycle can be selected and the PTV margin enlarged. Most of CT reconstruction software can only divide 10 phases for patient's respiration.

Muirhead et al. \[[@b8-roj-2017-00444]\] found that MIP-based ITV technique is safe, but may not be the case when the tumor is at or near the diaphragm. That protocol will underestimate actual ITV. This occurs because the electron density resembles the tumor in the diaphragm and other surrounding healthy tissue. It is because once the MIP is generated it cannot distinguish the boundary between the density environment and the overlapping tumor. Therefore, this protocol should not be commissioned in all situations.

When GTV was delineated based on the CT images from 4D-CT, the volume depended on the motion ranges of the tumor's center of mass and the reconstruction methods. As narrow as possible duty cycle such as 40%--60% and MIP reconstruction was suitable for lung cancer if the respiration was stable. Min-IP reconstruction could underestimate the GTV for lung cancer. Incorrect selection of the reconstruction methods could result in significant targeting error. Selecting the reconstruction methods such as MIP or Min-IP is important for small size and for large motion range tumors.
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![Gross tumor volumes (GTVs) for 10 phases were delineated. The figure shows the overlapped GTVs of every phase on the same computed tomography images.](roj-2017-00444f1){#f1-roj-2017-00444}

![The motion (in cm) for 20 cases of lung cancer were classified in four segments---right upper lobe (RUL), right lower lobe (RLL), left upper lobe (LUL), and left lower lobe (LLL)---as box-and-whisker plot. The tumor with the largest motion range was in RLL.](roj-2017-00444f2){#f2-roj-2017-00444}

![One of cases of gross tumor volume (GTV) dependency according to the phase selection and the sorting methods. MIP, maximum intensity projection; Min-IP, minimum intensity projection.](roj-2017-00444f3){#f3-roj-2017-00444}

![The variation of the gross tumor volumes (GTVs) for 20 cases of lung cancer according to the phase selections and the reconstruction methods as a box-and-whisker plot. (A) Maximum intensity projection (MIP) reconstruction. (B) Minimum intensity projection (Min-IP) reconstruction.](roj-2017-00444f4){#f4-roj-2017-00444}

###### 

Six types of CT image reconstruction from 4D-CT images for a case

  Intensity projection   Phase selections   GTV
  ---------------------- ------------------ ---------------------
  MIP                    40%--60%           GTV~MIP40%--60%~
                         30%--70%           GTV~MIP30%--70%~
                         0%--90%            GTV~MIP0%--90%~
  Min-IP                 40%--60%           GTV~Min-IP40%--60%~
                         30%--70%           GTV~Min-IP30%--70%~
                         0%--90%            GTV~Min-IP0%--90%~

4D-CT, four-dimensional computed tomography; MIP, maximum intensity projection; Min-IP, minimum intensity projection; GTV, gross tumor volume.

###### 

GTV according to phase selection for 20 cases

  Case no.   Sex   Age (yr)   Tumor location   Motion range in RL/AP/CC directions (mm)   GTV/longest diameter (mL/mm)                  
  ---------- ----- ---------- ---------------- ------------------------------------------ ------------------------------ -------------- --------------
  1          F     56         \-               3.2 / 2.0 / 4.7                            3.70 / 22.8                    4.21 / 22.8    5.70 / 25.2
  2          M     61         \-               3.1 / 19 / 5.2                             11.66 / 40.6                   13.56 / 40.6   16.53 / 43.8
  3          M     76         RUL              5.3 / 2.1 / 3.5                            19.43 / 38.3                   20.36 / 37.9   23.97 / 42.7
  4          M     84         \-               0.7 / 2.3 / 1.0                            18.60 / 47.1                   19.60 / 45.3   19.80 / 47.0
  5          F     47         \-               0.9 / 1.3 / 2.1                            79.60 / 64.0                   82.10 / 64.8   81.90 / 64.0
  6          M     71         \-               0.7 / 1.3 / 12.1                           5.33 / 24.8                    5.66 / 25.2    11.33 / 40.0
  7          M     55         \-               1.0 / 3.3 / 11.0                           11.39 / 37.0                   13.12 / 37.1   20.29 / 39.0
  8          F     26         RLL              1.4 / 0.5 / 10.1                           11.31 / 37.4                   12.12 / 39.9   14.94 / 44.9
  9          M     61         \-               2.1 / 3.7 / 19.1                           4.72 / 18.2                    5.12 / 17.9    8.26 / 28.4
  10         M     51         \-               0.7 / 3.7 / 5.4                            1.40 / 27.7                    1.90 / 27.7    2.60 / 28.3
  11         M     61         \-               1.1 / 3.7 / 6.5                            8.10 / 29.9                    9.30 / 29.5    11.70 / 33.4
  12         M     70         \-               0.8 / 1.9 / 3.2                            45.90 / 51.0                   49.10 / 51.0   52.90 / 51.3
  13         M     67         LUL              3.5 / 3.3 / 4.8                            8.70 / 29.9                    10.40 / 30.6   13.60 / 31.9
  14         F     54         \-               0.8 / 2.2 / 3.7                            4.20 / 20.4                    5.90 / 21.7    6.40 / 22.1
  15         F     49         \-               0.7 / 2.5 / 3.5                            1.30 / 15.1                    1.30 / 15.9    1.70 / 17.1
  16         M     61         \-               4.3 / 2.8 / 9.5                            0.87 / 13.5                    0.98 / 13.4    2.45 / 21.4
  17         M     64         \-               2.0 / 2.8 / 11.3                           2.03 / 14.8                    2.66 / 17.7    5.17 / 27.1
  18         M     51         LLL              0.6 / 1.0 / 6.5                            7.60 / 27.2                    8.00 / 27.8    8.90 / 27.0
  19         M     58         \-               0.6 / 0.7 / 9.0                            15.40 / 32.2                   16.30 / 32.0   21.30 / 36.5
  20         F     60         \-               1.4 / 1.3 / 9.0                            4.00 / 21.4                    4.60 / 22.4    6.30 / 23.3

GTV, gross tumor volume; RL, right-left; AP, anteroposterior; CC, craniocaudal; RLL, right lower lobe; LLL, left lower lobe; RUL, right upper lobe.

###### 

Motion range of GTV in craniocaudal direction found to be significant at lower lobe of the lung

  Location                AP (mm)       CC (mm)
  ----------------------- ------------- --------------
  Upper lobe (RUL, LUL)   2.32 ± 0.70   3.82 ± 1.58
  Lower lobe (RLL, LLL)   2.11 ± 1.27   10.30 ± 3.72
  t-value                 0.457         -5.070
  p-value                 0.655         0.000

Values are presented as mean ± SEM.

GTV, gross tumor volume; AP, anteroposterior; CC, craniocaudal; RUL, right upper lobe; LUL, left upper lobe; RLL, right lower lobe; LLL, left lower lobe; SEM, standard error of the mean.
